Model specimens, each containing five embedded continuous sisal fibres in an epoxy matrix, were subjected to four-point bending tests. The micro-failure behaviour of sisal fibres was examined using scanning electron microscopy (SEM). Interfacial debonding of both sisal fibre bundle/epoxy matrix and tubular micro-fibre/bonding material was also noted in all embedded fibres. The fibre bundle/ matrix interface had a moderate high strength; but the adhesive strength between the micro-tubular fibre and the bonding material appeared to be small.
INTRODUCTON
Since the early days of human civilisation, natural fibres have been used to impart composites with improved mechanical properties. Previous studies have shown that cellulosic fibres have good potential for use as reinforcement fibres in thermoplastic, thermoset and cementitious matrices [1] [2] [3] [4] [5] [6] . The advantages of natural fibres are: low cost, low density, high specific strength, modulus and toughness, processability, ease of fibre surface modification, and availability from renewable natural resources. Until now, research on natural fibre composites has been mainly focused on their mechanical properties, ageing characteristics, impact strength, chemical surface modifications, and temperature effect, etc. [7] [8] [9] [10] [11] . Many of these studies are about macromechanical behaviours without due reference to the microstructures of the fibres.
The microstructures of natural fibres are very different from those of synthetic fibres. In this study we focused on sisal fibres, Fig. 1 . A sisal fibre is not a single fibre but is made up of a bundle of tubular micro-fibres of diameter 4-12 ìm. The cell wall of a tubular micro-fibre is 1-2 ìm thick and has a composite structure of lignocellulosic material reinforced by helical micro-fibrillar bands of cellulose. The cell walls are in turn covered by a layer of bonding material that separates one mircro-fibre from another [12] .
It is well known that differences in fibre microstructures can result in different damage and failure mechanisms in composite materials. Hence it is important to study the microstructures of the sisal fibres and their influence on the mechanical behaviour when they are embedded in the matrix. In this Letter, we report on the mechanical behaviour of a sisal fibre-epoxy model composite using the 4-point bending test. Observations of the failure mechanisms, especially interface debonding are also given.
EXPERIMENTAL WORK
The sisal fibres used in this work were extracted from 5 year-old sisal plants that grew in the southern provinces of China. The fibre surface was chemically treated in order to improve the adhesion with the epoxy matrix. The matrix was a mixture of methyl tetrahydro-phthalicanhydride, benzyl triethyl-ammonium chloride and Epon 828 resin from Shell Chemical Co. The model composites were prepared by aligning five equally spaced sisal fibres in a Teflon mould and then pouring the thoroughly mixed liquid epoxy resin into the mould. Curing was performed at 120°C for 2 h. The model composite beam is shown in Fig. 2 . The bending tests were carried out quasistatically with a motor-driven loading system. The applied load was recorded with a load cell. Classical beam theory was used to calculate stresses and strains. 
RESULTS AND DISCUSSION
The crack was initiated on the tensile surface of the beam, and then propagated quickly across the whole cross-section. The nominal bend strength calculated with beam theory is 90 MPa. The fracture surface of the beam is shown in Fig. 3 . It appears that fracture originated from the tensile surface, rapidly propagated through the first and second fibres, with a small step at the third fibre in the neutral plane, Fig. 3a . It then detoured to another plane at the fourth fibre and subsequently the fifth fibre resulting in complete failure of the composite beam, Fig. 3b . Details of the corresponding five broken sisal fibres are given in Figs. 4a to 4e. Quite clearly, there is no pullout of the sisal fibre bundles from the epoxy matrix. Nor is there any significant pullout or uncoiling of the cells of the tubular micro-fibres. However, debonding of the sisal fibre bundle/epoxy matrix interface was observed to have occurred partially around the circumference of the fibre. This suggests that the sisal fibre bundle/epoxy matrix interface has a moderate high strength; since complete interface debonding would have been observed for a weak interface and no debonding for a strong interface. Fig. 5 shows the debonding of two tubular microfibres from the bonding materials at the junction of three micro-fibres. As mentioned earlier, the bonding material is a layer of lignaceous and waxy substances that cover the cell wall of the micro-fibres and bond adjacent micro-fibres together. The layer thickness is about 1ìm, and appears to have been easily separated from the micro-fibres indicating a relatively weak interface. It is seen in Fig.6 that some microfibrils span across the micro-fibre/bonding material interface. These micro-fibrils are thought to be the spirally oriented cellulose in the cell wall of the micro-fibre. Figs. 5 and 6 suggest that the interfacial strength between the microfibres and the bonding material is weak.
A sisal fibre bundle may be considered as a twophase composite material [13] . The bonding material is the viscous amorphous phase that can be greatly deformed under stress. The tubular micro-fibres form the load-bearing crystalline phase. Their main failure mode is uncoiling of the spirally oriented cellulose micro-fibrils in the cell wall of tubular micro-fibres resulting in large energy absorption. Micro-fibre pullout can also occur. Temperature and rate effects both affect the failure mechanisms (intracellular or intercellular) of the sisal fibre [13] .
For a sisal fibre composite, the failure mechanisms are more complicated. There are two interfaces: one between the fibre bundle and the matrix, and the other between the micro-fibre and the bonding material. The first type of interface can be modified by fibre surface treatment. The second type is a characteristic of the sisal fibre used and therefore cannot be changed by any surface modification techniques. A competition exists between these two types of interfaces in controlling the energy absorption during composite failure depending on the testing conditions. When the sisal fibre bundle/matrix interface is weaker than that of micro-fibre/ bonding material, the first damage will be debonding of the former interface followed by pullout of the whole fibre bundle after it is fractured. Otherwise, the latter interface will be debonded first followed by debonding of the sisal fibre bundle/matrix interface. From an engineering design viewpoint, the strength of the fibre bundle/matrix interface should be larger than the micro-fibre/bonding material interface. In this way, it is expected that the tubular microfibres will de-cohere from each other and their helical walls will uncoil to impart high toughness to the composite without too much sacrifice of its strength. However, for the model composites studied, though the micro-fibre/bonding material interface is weaker and de-cohesion does occur between individual micro-fibres (Figs. 5 and 6), no uncoiling and/or pullout of the cell walls have been observed in Fig. 4 . This observation seems inconsistent with the above argument. However, it can be explained by the same results reported in [13] when a fibre bundle is subjected to a fast loading rate (such as caused by the high crack propagation velocity across the beam in our experiments). For real advances in this subject, many more basic studies on the complex micromechanical behaviour of sisal fibre and its composites are therefore necessary.
CONCLUSIONS
The damage and failure mechanisms of sisal fibre composites are controlled mainly by the microstructure of sisal fibres. Under 4-point bending tests, the debonding of both interfaces between tubular micro-fibre/bonding material and fibre bundle/matrix was observed for all fibres across the beam section. The micro-fibre/ bonding material strength was found to be weak leading to de-cohesion of the cells. There are also little uncoiling of the micro-fibrils and pullout of the cells due to the fast loading rate caused by rapid fracture across the beam. and Damodaran, A. D., J. Mater. Sci. Lett., 7, 825 (1988) 8. Pavithran, C., Mukherjee, P .S., Brahmakumar, M. and Damodaran, A. D., J. Mater. Sci., 26, 45 (1991) 9. Joseph, K.,Thomas, S., Pavithran, C. and Brahmakumar, M ., J. Appl. Polym. Sci., 47, 173 (1993) 10. Joseph, K., Thomas, S. and Pavithran, C., Comp.
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